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(54) Variable capacitance and nnethod for making the same 



(57) A semiconductor device (400) and method are 
provided for multiplying a capacitance. A contact region 
(402) is formed in an island in a semiconductor sub- 
strate (499) bounded by an Isolation region (403), pro- 
ducing the capacitance al the junction of the contact 
region (402). A dielectric layer (404) is formed over the 
semiconductor substrate (499) adjacent to the contact 



region (402). A contact layer (408) is formed over the 
dielectric layer (404) wherein an inversion layer (406) is 
formed under the contact layer (408), produdng an 
inversion capacitance in response to an enabling signal. 
The inversion capacitance corresponds to a multiple of 
the capacitance. 
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Description 

Backgromd of the Invention 

This Invention relates, in general, to programmable 
delay circuits, and more particularly to semiconductor 
capacitance devices, 

Rbre channel is an integrated system of specifica- 
tions for high speed network communication. Communi- 
cations between network nodes are based on protocol 
and hardware standards designed for synchronous high 
speed data transfers at a fixed rate of 1.0625 gigabits 
per second. A fibre channel network has no system 
master clock as such so each node provides an oscilla- 
tor for producing its own transmission timing signals. 
These localized oscillators are generally crystal control- 
led and tuned to 106.25 megahertz. Phase shifting cir- 
cuits produce the bit interval timing signals for sending 
data at the spedfied 1.0625 gigabits per second data 
transmission rale. Because the network transmitters are 
asynchronous each node also provides Its own receiv- 
ing clock for synchronizing to transmitted data signals. 
The frequency and phase of the receiving clock are 
adjusted to align with the incoming data bits so the data 
is captured when the bit signals are stable and not dur- 
ing logic level transitions when there is a higher proba- 
bility of data enror. 

A ring oscillator circuit is used for generating the 
receiving clock signal because its phase and frequency 
can be ac^usted to synchronize to the data signals. 
Each stage of the ring oscillator has an array of pro- 
grammable delay elements which are switched on or off 
to add or subtract delay for adjusting the clock signal to 
the data signal. 

A converrtional programmable delay element con- 
sists of a transistor switch in series with a capacitor. 
When the transistor switch is turned on the capacitor is 
connected to the stage and provides a capacitive load 
for slowing it down. When the transistor switch is turned 
off the capacitor is disconnected from the stage, thereby 
speeding it up. Parasitic capadtance associated with 
the programmable delay element is always loading the 
stage, even when the transistor switch is turned off. This 
parasitic capacitance reduces both the maximum speed 
of the stage and the programming range because the 
switched capacitance comprises a smaller portion of 
the total capacitance. 

A disadvantage of the conventional programmable 
delay element is that it requires a separate transistor 
switch for controlling the capacitance, which increases 
the conponent count and adds to system cost. Moreo- 
ver, the transistor switch increases parasitic capaci- 
tance, thereby increasing the minimum stage delay and 
reducing both the programming range and the maxi- 
mum oscillation frequency of the ring oscillator. 

What is needed is a method for providing a pro- 
grammable delay to a ring oscillator circuit that reduces 
cost by eliminating the need for a separate transistor 
switch. It would be a further benefit if the method 



reduced parasitic capacitance in order to provide a 
higher capacitance multiplication when the capacrtor 
was enabled. 

5 Brief Description of the Drawings 

FIG. 1 1s a schematic diagram of a typical prior art 
programmable delay stage; 
FIG. 2 is a cross-sectional view of a prior art pro- 
w grammable delay element: 

FIG. 3 is a schematic diagram of a programmable 
delay stage in accordance with the present inven- 
tion; and 

FIG. 4 is a cross-sectional view of a switchless pro- 
15 grammable delay element in accordance witii the 
present invention. 

Detailed Description of the Drawings 

20 Rbre channel was developed to provide efficient 
high speed communication between network nodes. 
Serial data is transmitted synchronously at a fixed rate 
of 1.0625 gigabits per second using fiber optic or 
twinaxial cable. A receiver detects logic level transitions 
25 in the transmitted data and uses them for adjusting the 
timing of a dock signal provided by the receiver. The 
dock signal is commonly produced by a ring osdilator 
drcuit in which each delay stage is adjusted by control- 
ling an array of programmable delay elements. The pro- 
30 grammable delay elements produce a variable 
capacitive load on the stage according to a program- 
ming signal, thereby adjusting the timing of the clock 
signal. The dock signal typically has a frequency of 
106.25 megahertz. 
35 Previously known programmable delay elements 
are comprised of a capacitor and a transistor switch 
which enables or disables the capadtor as a load in the 
stage. Generally, If the programming signal contains 
more than one programming bit the programmable 
40 delay elements in each stage are binary scaled, each 
programmable delay element being controlled by a sin- 
gle programming bit. f=or example, a typical delay stage 
controlled by an eight bit programming signal has eight 
programmable delay elements which are binary scaled 
45 for loading the stage with 2^ or 256 equivalent unit 
capacitors. Each of the eight programming bits then 
controls from one to 128 equivalent unit capacitors. 

In order to effectively switch the capacitors, the 
transistor switches are binary scaled along with the 
50 capacitors, so the equivalent of 256 unit transistors are 
also connected in the stage, ranging from a unit transis- 
tor switch to the equivalent of 128 unit transistor 
switches. The combination of transistor switches and 
capacitors results in a delay stage having a large para- 
55 sitic capadtance which loads the stage regardless of 
the state of the transistor switches. The parasitic capac- 
itance increases the minimum stage delay and thus low- 
ers the maximum speed of the stage. 

FIG. 1 is a schematic diagram of a typical prior art 
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^ programmable delay stage 100 for providing a program- 
mable delay in a ring oscillator or phase shifting circuit. 
The programmable delay stage 100 has Inputs for 
receiving programming signals VPR0G1 through 
VPR0G8. Transistors 101 and 102 comprise an input 
inverter 105 which has an input connected to :ne gate 
electrodes of the transistors 101 and 102 for receiving a 
signal VIN. Input inverter 105 has an output at a load , 
terminal 1 10 which is connected to the input of an out- 
put inverter 106. 

Output inverter 106 comprises transistors 103 and 
104. whose respective drain electrodes are connected 
for producing an output signal VOUT. One purpose of 
output inverter 106 is to provide gain so that VOUT has 
faster transition edges than the slower transition edges 
on load terminal 110. The source electrodes of transis- 
tors 101 and 103 are connected to a first power supply 
potential such as VDD and the source electrodes of 
transistors 102 and 104 are connected to a second 
power supply potential such as ground potential. 

An array of programmable delay elements 111 
through 1 18 are serially connected between load termi* 
nal 1 10 and a fixed power supply terminal 199 such as 
ground 199. The programmable delay elements 111 
through 1 18 are generally binary weighted as shown. A 
typical unit programmable delay element such as pro- 
grammable delay element 1 1 1 Is comprised of a unit 
capacitor 131 connected in series with a unit transistor 
switch 121 whose source electrode is connected to load 
terminal 110. The conductive state of transistor switch 
121 determines whether the capacitor 131 is coupled to 
load terminal 110 according to the logic state of its 
respective programming signal VPR0Q1. Similarly, 
each of the other programmable delay elements 112 
through 1 18 presents a capacitive load on load terminal 
1 1 0 in response to their respective programming signals 
VPR0G2 through VPR0G8. 

The typical programmable delay element 111 also 
has a parasitic capacitance 141 connected between 
load terminal 1 10 and ground 199. The parasitic capac- 
itance 141 is an equivalent effective capacitance whose 
composition varies with the particular configuration of 
the programmable delay element 111. It Is primarily 
attributable to junction capacitance in the source to 
semiconductor substrate junction of the transistor 
switch 121. Parasitic capacitance 141 produces a 
capacitive load on toad terminal 110 regardless of the 
stateofVPROGI. 

A second important parasitic capacitance 151 is the 
junction capacitance of the drain to semiconductor sub- 
strate junction of transistor switch 121. The parasitic 
capacitance 151 gets programmed along with capacitor 
131 so it only produces a load on load terminal 110 
when the transistor switch 121 is turned on. It has the 
effect of increasing the magnitude of the capacitor 131 . 
In order for the programming signals VPR0G1 through 
VPR0G8 to linearly track the binary scaled capacitive 
loads throughout the programming range the transistor 
switch 121 must be binary scaled along with the capac- 



itor 131, thereby binary scaling the parasitic capaci- 
tance 141. As a result, the equivalent of 256 unit 
transistor switches in addition to the 256 unit capacitors 
provide the equivalent of 256 unit parasitic capacitances 
5 141 to load tenninal 110. 

The minimum delay in the programmable delay 
stage 100 corresponds to tiie magnitude of the 256 
units of parasitic capacitance and occurs when all the 
transistor switches In the an-ay of programmable delay 
10 elements 1 1 1 through 1 1 8 are turned off. The maximum 
delay occurs when all the ti'ansistor switches are turned 
on at which time tiie total capacitance con-esponds to 
tiie combination of tfie 256 unit capacitors and the 256 
unit parasitic capacitances. The parasitic capacitances 
IS reduce the high frequency performance of the program- 
mable delay stage 100 by lowering both its overall 
speed and tiie programming range available for increas- 
ing its speed. 

The programming range, from minimum to maxi- 
20 mum delay, corresponds to the ratio of parasitic capaci- 
tance 141 to tiie total capacitance. In a typical 
conventional programmable delay stage 100 it has been 
observed that a total programmed capacitance is a fac- 
tor of 3.5 times the aggregate parasitic capacitance. 
25 In addition to the reduced performance of a conven- 
tional programmable delay stage 100 attributable to 
large parasitic capacitance, the stage has a higher cost 
because an extra transistor switch must be provided for 
each programmable delay element. The binary scaling 
30 of the transistor switches only Increases the detrimental 
effects on cost and parasitic capacitance. 

FIG, 2 is a cross-sectional view of a prior art pro- 
grammable delay element 200. A semiconductor sub- 
strate 299 typically has a P-type conductivity. A source 
35 region 202 and a drain region 201 which have N-type 
conductivity are formed in an island at tiie surface of 
semiconductor substrate 299 which is bounded by an 
isolation region 203 typically comprising an insulating 
material such as silicon dioxide. The isolation region 
40 can be formed from a different insulating material or can 
comprise a region in the semiconductor substrate 299 
doped differentiy from the semiconductor substrate 299. 

The source region 202 is connected to a terminal in 
a delay stage for capacitively loading the terminal. A 
45 gate dielectric layer 204 is formed over the semiconduc- 
tor substrate 299 in a region adjacent to the source and 
drain regions 202 and 201. It is typically comprised of 
silicon dioxide and s^es as a gate dielectric over 
which is formed a gate electrode 208 comprised of a 
50 conductive material such as polysilicon. The source and 
drain regions 202 and 201 are respectively contacted 
for forming the source and drain electrodes of a transis- 
tor switch. A programming signal received by the gate 
electrode 208 controls the formation of an inversion 
55 layer 206 under the gate electrode 208. The inversion 
layer 206 is of tiie same doping type as the source and 
drain regions 202 and 201 and provides a conductive 
path between them when the transistor switch is turned 
on. 
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The drain region 201 is extended under a capacitor 
dielectric layer 210 which is formed over a region of the 
semiconductor substrate 299 adjacent to the drain 
region 201 . The extension of the drain region 201 com- 
prises the capacitor plate which is connected to the s 
drain of the transistor switch. The capacitor dielectric 
layer is commonly comprised of an insulating material 
such as silicon dioxide. A plate 205 of the capacitor is 
comprised of a conductive material such as aluminum 
or polysilicon which is formed over the capacitor dielec- to 
trie layer 210 and is generally connected to a power 
supply potential such as a ground potential. The capac- 
itance of the capacitor is a parallel combination of a 
metal-substrate capacitance produced between the 
extension of the drain region 201 and the plate 205, is 
which corresponds to the area of the capacitor dielectric 
layer 210. and a junction capacitance between the 
extended drain region 201 and the semiconductor sub- 
strate 299. 

FIG. 3 is a schematic diagram of a programmable 20 
delay stage 300 in accordance with the present inven- 
tion. Transistors 301 and 302 form an input inverter 305 
which has an input connected to the gate electrodes of 
the transistors 301 and 302 for receiving an input signal 
VIN. Input inverter 305 has an output at load terminal 25 
310 which is connected to the input of an output inverter 
306. Output inverter 306 comprises transistors 303 and 
304 and is used for providing gain for speeding up the 
slow transition edge on load terminal 310. The source 
electrodes of transistors 301 and 303 are connected to 30 
a first power supply potential such as VDD and the 
source electrodes of transistors 302 and 304 are con- 
nected to a second power supply potential such as 
ground potential. A semiconductor substrate 399 is con- 
nected to a power supply potential such as a ground 3S 
potential. 

Eight switchless programmable delay elements 31 1 
through 318 have inputs for receiving respective pro- 
gramming signals VPR0G1 through VPR0G8. 
Although the embodiment shown has eight switchless 4o 
programmable delay elements, a different number can 
be used in a particular application. TTie switchless pro- 
grammable delay elements 31 1 through 318 are gener- 
ally binary weighted, although they can be equally 
weighted or weighted in another fashion. 45 

A typical switchless programmable delay element 
311 has only one component, an inversion capacitor 
331 , but it functions in much the same way as a conven- 
tional delay element. It does not require an extra transis- 
tor switch. Inversion capacitor 331 has a first electrode so 
connected to load terminal 310 and a second electrode 
connected to programming signal VPR0G1. It produces 
a capacitive load on load terminal 310 which is enabled 
in response to VPR0G1. 

A parasitic capacitance 341 attributable to junction 55 
capacitance between the first electrode and the semi- 
conductor substrate 399 is present to load terminal 310. 
However, there is no need to scale the parasitic capaci- 
tance 341 in a binary fashion to provide accurate pro- 



gramming control of the switchless programmable delay 
elements 311 through 318 because it is not a switched 
capacitance: rather, it is always loading the load termi- 
nal 310. And while it affects the minimum delay of the 
programmable delay stage 300 it does not affect the 
programming range. Moreover, there is more opportu- 
nity to reduce the parasitic capacitance associated with 
the switchless programmable delay element 311 
because there is only one component to be laid out on 
a semiconductor die. For example, the first electrode of 
the inversion capacitor 331 can be shared among adja- 
cent switchless programmable delay elements, thereby 
reducing the aggregate parasitic capacitance in the 
stage and raising its maximum speed. 

FIG. 4 is a cross-sectional view of a switchless pro- 
grammable delay element 400 in accordance with the 
present invention. A semiconductor substrate 499 typi- 
cally has a P-type conductivity. A single contact region 
402 having N-type conductivity is formed in a portion of 
an island In the semiconductor substrate 49? which is 
bounded by an isolation region 403. The single contact 
region 402 generally comprises a minimum feature size 
' in order to minimize its associated junction capacitance. 
The junction capacitance is further reduced because 
the single contact region can be shared with other 
switchless programmable delay elements more easily 
than with the conventional methods because the switch- 
less programmable delay element 400 has only one 
component and two electrodes. 

The isolation region 403 typically comprises an 
insulating material such as silicon dioxide. Alternatively, 
the isolation region can be formed from a different insu- 
lating material or can comprise a region having a differ- 
ent doping type or concentration as that of the 
semiconductor substrate 499. Still other methods for 
forming an Isolation region 403 in a semiconductor sub- 
strate 499 are known or may occur to those skilled in the 
art. 

A dielectric layer 404 is formed over the island in 
the semiconductor substrate 499 in a region adjacent to 
the single contact region 402. It is typically comprised of 
silicon dioxide but can be formed from another Insulat- 
ing material. A contact layer 408 is formed over the die- 
lectric layer 404 and is comprised of a conductive 
material such as polysilicon, although it can alterna- 
tively be comprised of a metal such as aluminum or plat- 
inum or of another conductive material. 

A programming signal received by the contact layer 
408 controls whether an inversion layer 406 is formed 
under the dielectric layer 404. The inversion layer 406 is 
of the same conductivity type as the single contact 
region 402 and is electrically connected to it. thereby 
effectively multiplying the area of the junction between 
the single contact region 402 and the semiconductor 
substrate by a factor corresponding to the junction area 
of the inversion layer 406. The junction capacitance of 
the single contact region 402 is accordingly multiplied 
by the same factor. In addition, a dielectric capacitance 
is produced between tiie contact layer 408 and the 
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inversion layer 406. This capacitance is in parallel with 
the junction capacitance from the inversion layer 406 
and con'esponds to the area of the inversion layer 406. 
further increasing the capacitance multiplication factor. 
A multiplication factor of 10 has been observed using 5 
the switchless programmable delay element 400, in 
contrast to the factor of 3.5 seen with a conventional 
method. 

By now it should be appreciated that a method has 
been provided for multiplying a capacitance in response 10 
to a programming signal. A contact region of a first con- 
ductivity type is formed in a semiconductor substrate of 
a second conductivity type. The capacitance is pro- 
duced at the junction between the contact region and 
the substrate and coresponds to the area of the junc- is 
tion, A dielectric layer is formed over the substrate adja- 
cent to the contact region and a conductive layer is 
formed over the dielectric layer. The conductive layer 
receives a programming signal which controls the for- 
mation of an inversion layer under the conductive layer. 20 
The inversion layer is electrically connected to the con- 
tact layer and effectively multiplies the area of the con- 
tact layer by a multiplication factor. An inversion 
capacitance is produced at the junction of the inversion 
l^er and substrate which con-esponds to a multiplica- 25 
tion of the capacitance by the multiplication factor. 

While spedfic embodiments of the present inven- 
tion have been shown and described, further modifica- 
tions and improvements will occur to those skilled in the 
art. It is understood that the invention is not limited to so 
the particular forms shown and it Is intended for the 
appended claims to cover all modifications which do not 
depart from the spirit and scope of this invention. 

Claims 3s 

1. A semiconductor device (400) for multiplying a 
capacitance in response to an enabling signal 
(VPR0G1), comprising: 

40 

a semiconductor substrate (499) of a first con- 
ductivity type; 

a single contact region (402) of a second con- 
ductivity type formed in the semiconductor sub- 
strate (499) for coupling to an inversion layer 4S 
(406). wherein the capacitance is produced at 
a junction between the single contact region 
(402) and the semiconductor substrate (499), 
the capacitance conresponding to an area of 
the junction; so 
a dielectric layer (404) formed on the semicon- 
ductor substrate (499) adjacent to the single 
contact region (402); and 
a conductive layer (408) formed on the dielec- 
tric layer wherein the inversion layer (406) is ss 
formed under the conductive layer (408) when 
the enabling signal (VPR0G1) is applied to the 
conductive layer (408), thereby forming an 
inversion capacitance between the Inversion 



layer (406) and the substrate (499). the inver- 
sion capacitance conresponding to a multiplica- 
tion of the capacitance. 

2. The semiconductor device (400) of claim 1 wherein 
the inversion capacitance further comprises a die- 
lectric capacitance produced between the inversion 
layer (406) and the conductive layer (408). the die- 
lectric capacrtance corresponding to a multiplica- 
tion of the capacitance. 

3. The senruconductor device of claim 1 , further com- 
prising: 

an isolation region (403) formed in the semi- 
conductor substrate (499) wherein the inver- 
sion layer is formed adjacent to the isolation 
region (403). 

4. The semiconductor device (400) of claim 3 wherein 
the single contact region (402) Is formed adjacent 
to the isolation region (403). ' 

5. The semiconductor device (400) of claim 1 wherein . 
the isolation region (403) is comprised of an insulat- 
ing material. 

6. A method for multiplying a capacitance in response 
to an enabling signal {VPR0Q1). comprising the 
steps of: 

providing a semiconductor substrate (499) of a 
first conductivity type; 
• forming a contact region (402) of a second con- 
ductivity type in the semiconductor substrate 
(499) for coupling to an inversion layer (406), 
wherein the capacitance is produced at a junc- 
tion between the contact region (402) and the 
semiconductor substrate (499), the capaci- 
tance corresponding to the area of the junction; 
forming a dielectric layer (404) on the semicon- 
ductor substrate (499) adjacent to the contact 
region (402); and 

forming a conductive layer (408) on the dielec- 
tric layer (406) for receiving the enabling signal 
(VPR0G1), wherein the enabling signal pro- 
duces the inversion layer (406) under the con- 
ductive layer (408). and wherein an inversion 
capacitance corresponding to a multiplication 
of the capacitance is produced at a junction 
between the inversion layer (406) and the sem- 
iconductor substrate (499). 

7. The method of claim 6 wherein the inversion capac- 
itance further comprises a dielectric capacitance 
produced between the inversion layer (406) and the 
conductive layer (408). the dielectric capacitance 
corresponding to a multiplication of the capaci- 
tance. 
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8. A programmable delay stage (300) having an out- 
put for producing an output signal (VOUT) in 
response to an input signal (VIN) wherein the out- 
put signal (VOUT) has a delay conresponding to a 
programming signal (VPR0G1-VPR0G8). com- 5 
prising: 

a first inverter circuit (305) having an input for 
receiving the input signal (VIN) and an output 
(310); '0 
a second inverter drcuil (306) having an input 
coupled to the output (310) of the first inverter 
circuit (305) and an output for producing the 
output signal (VOUT) ; and 
a plurality of switchless programmable delay is 
elements (311-318) for producing the delay 
each one of the plurality of switchless program- 
mable delay elements (311-318) having an 
enabling terminal coupled for receiving the pro- 
gramming signal (VPR0G1-VPR0G8) and a 20 
load terminal coupled to the input of the second 
inverter circuit, an inversion capacitance being 
produced by each one of the plurality of switch- 
less programmable delay elements at the load 
terminal In response to the progamming signal 2S 
(VPROGI -VPR0G8), wherein the delay corre- 
sponds to the inversion capacitance. 
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